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Introduction {#sec1}
============

A dynamic balance between excitation and inhibition is crucial for brain functions, such as the generation of rhythmic cortical network activities ([@bib16], [@bib31]) and regulation of the critical period ([@bib17]). Accordingly, imbalances may result in neurological disorders like epilepsy and neuropsychiatric diseases like autism ([@bib9], [@bib58]). Extensive evidence indicates that inhibitory GABAergic synaptic transmission plays a key role in the regulation of excitation-inhibition (E/I) balance ([@bib32]). Thus, understanding the molecular mechanisms regulating GABAergic synaptic transmission, which remain unclear compared to excitatory synapses, is crucial for understanding basic brain function in health and disease.

Fast GABAergic inhibition, i.e., GABA~A~ receptor (GABA~A~R)-mediated inhibitory synaptic transmission, critically depends on the degree of GABA~A~R clustering that determines the total number of synaptic GABA~A~Rs ([@bib23], [@bib45]). Clustering is regulated by the balance between endocytosis and exocytosis ([@bib30]) and rapid receptor exchange in and out of synapses by lateral diffusion on the cell surface ([@bib57]). In hippocampal neurons, GABAergic inhibition is plastically modulated by neuronal activities through the control of GABA~A~R diffusion and clustering ([@bib13], [@bib30], [@bib47]). Phasic and sustaining Ca^2+^ influx through *N*-Methyl D-aspartic acid (NMDA)-gated ionotropic glutamate receptors (NMDARs) induces long-term depression of GABAergic transmission (iLTD), which results from an increase in GABA~A~R lateral diffusion and the synaptic escape of GABA~A~R due to calcineurin-dependent dephosphorylation of the GABA~A~R γ2 subunit at the residue serine 327 ([@bib2], [@bib30], [@bib39], [@bib44]). A different context of transient NMDA stimulation evokes GABAergic long-term potentiation (iLTP) through synaptic translocation of Ca^2+^-Calmodulin-dependent kinase II (CaMKII) that leads to phosphorylation of GABA~A~R β3 serine 383 and stabilization of synaptic GABA~A~R ([@bib33], [@bib48]). Although detailed molecular mechanism for plastic changes of GABAergic synapses are well characterized, a homeostatic mechanism for the maintenance of GABAergic synapses during continuous exchange of receptors by lateral diffusion and the recovery of GABA~A~R clusters after dispersion ([@bib44]) remains unidentified.

We sought to identify and characterize the signaling pathway that continuously stabilizes GABAergic synaptic structure. For this purpose, we focused on the contribution of IP~3~-induced Ca^2+^ release (IICR) from intracellular Ca^2+^ stores in the endoplasmic reticulum (ER) ([@bib3]) to GABA synaptic structure. IICR is critical for brain development and function, such as the control of neurite outgrowth, morphogenesis of dendrites, and motor coordination in vivo ([@bib18], [@bib19], [@bib36], [@bib37], [@bib53], [@bib54]). Here we report that metabotropic glutamate receptor (mGluR)-dependent IICR mediates the homeostatic stabilization of GABA~A~R structures, opposing destabilization by Ca^2+^ influx through NMDA-type ionotropic glutamate receptors.

Results {#sec2}
=======

mGluR-Dependent Activation of IP~3~ Receptors Stabilizes GABA~A~R Clusters at Inhibitory Synapses {#sec2.1}
-------------------------------------------------------------------------------------------------

Type 1 IP~3~ receptor (IP~3~R1) is the dominant IP~3~R subtype in neurons ([@bib12]). To study the impact of IICR on the GABAergic synapse, we investigated the postsynaptic clustering of GABA~A~R and of its scaffolding molecule gephyrin in hippocampal neurons cultured from IP~3~R1 knockout (IP~3~R1 KO) mice ([@bib36]). GABA~A~R and gephyrin were labeled using an antibody against the GABA~A~R γ2 subunit ([@bib44]) and commercial gephyrin antibodies, respectively. GABA~A~R and gephyrin clusters were considered synaptic when adjacent to synapsin-immunoreactive boutons ([@bib2]). We found that GABA~A~R γ2 ([Figure 1](#fig1){ref-type="fig"}A) and gephyrin ([Figure 1](#fig1){ref-type="fig"}B) immunoreactivities were reduced in IP~3~R1 KO neurons compared with wild-type (WT) neurons ([Figures 1](#fig1){ref-type="fig"}A and 1B). Quantification revealed that both the number of GABA~A~R clusters per dendritic length and the fluorescent intensity of GABA~A~R clusters were significantly reduced in IP~3~R1 KO neurons (75.4% ± 5.5% and 75.6% ± 3.2% of WT, respectively; [Figure 1](#fig1){ref-type="fig"}C). The number of gephyrin clusters per dendrite length and the fluorescent intensity of gephyrin clusters in IP~3~R1 KO neurons were 55.4% ± 4.2% and 71.3% ± 3.7% of WT neurons, respectively ([Figure 1](#fig1){ref-type="fig"}D). However, we found a 19.7% ± 3.5% reduction in the number of synapsin-immunoreactive terminals per dendrite length in IP~3~R1KO neurons, suggesting that the persistent loss of IICR impaired synaptic connectivity.

We therefore examined the impact of IICR on GABA~A~R and gephyrin following acute blockade of IP~3~R with 2-aminoethoxydiphenyl borate (2APB, 100 μM) ([@bib35]). The fluorescence intensity of postsynaptic GABA~A~R clusters was not different in neurons exposed for 30 min to 2APB as compared to untreated cells ([Figures 2](#fig2){ref-type="fig"}A and 2B). It was only after 60--90 min of drug exposure that the fluorescence intensity, but not the number of synaptic GABA~A~R clusters per dendrite length, was significantly reduced ([Figures 2](#fig2){ref-type="fig"}A and 2B). Considering that neuronal excitation-dependent Ca^2+^ influx induces the dispersion of GABA~A~R clusters ([@bib2], [@bib39]), loss of IICR could affect the GABAergic synapses through the enhancement of neuronal excitation and Ca^2+^ influx. This possibility was excluded by the findings that 2APB reduced the fluorescence intensity of GABA~A~R clusters when action potentials (APs) were blocked with tetrodotoxin (TTX, 1 μM) ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B) or when extracellular Ca^2+^ was removed by Chelex ([Figures S1](#mmc1){ref-type="supplementary-material"}C and S1D), indicating that IICR regulates GABA~A~R clustering in basal condition and in the absence of Ca^2+^ influx.

We then checked whether 2APB alters other key constituents of the inhibitory synapse, such as the main scaffolding molecule gephyrin. We found that 60 min of 2APB treatment decreased both the number and fluorescence intensity of gephyrin clusters ([Figures 2](#fig2){ref-type="fig"}C and 2D), indicating a global impact of 2APB on the molecular organization of the GABA synapse. The shrinkage of gephyrin clusters also was confirmed by time-lapse imaging of cultured hippocampal neurons from mRFP-gephyrin knockin mice ([@bib5]) treated with 2APB ([Figure S2](#mmc1){ref-type="supplementary-material"}). We recently demonstrated that gephyrin was stabilized at synapses through its interaction with GABA~A~R ([@bib44]). Similarly, we show here that GABA~A~R antibody cross-linking prevented the dispersion of gephyrin clusters by 2APB ([Figure S3](#mmc1){ref-type="supplementary-material"}), suggesting that the loss of gephyrin at synapses was secondary to the receptor dispersal.

IP~3~Rs located at the surface of the ER are often activated via the production of phospholipase C (PLC) following the activation of group I mGluRs. We therefore examined the impact of this signaling pathway on GABA~A~R and gephyrin clustering following acute blockade of PLC and mGluR with U73122 (1 μM) and α-methyl-4-carboxyphenylglycine (MCPG, 250 μM), respectively. U73122 and MCPG impaired the clustering of both GABA~A~R and gephyrin after 60--90 min of drug exposure ([Figure S4](#mmc1){ref-type="supplementary-material"}; [Figure 2](#fig2){ref-type="fig"}D). We thus checked whether mGluR activation stabilizes GABA synapses. We showed that acute IICR activation by group I mGluR agonist dihydroxyphenylglycine (DHPG, 5 μM) increased the intracellular Ca^2+^ level, as observed with Ca^2+^ imaging ([Figure 2](#fig2){ref-type="fig"}E). Furthermore, acute DHPG treatment (10--40 min) increased the fluorescence intensity of synaptic GABA~A~R clusters by 17%--26% ([Figures 2](#fig2){ref-type="fig"}F and 2G), indicating that Ca^2+^ release from ER stores indeed promotes GABA~A~R clustering. Altogether, these results indicate that mGluR-dependent IICR constitutively stabilizes the post-synaptic clustering of GABA~A~Rs and gephyrin.

Impact of mGluR Signaling on GABA~A~R-Mediated Synaptic Transmission {#sec2.2}
--------------------------------------------------------------------

Since a loss of synaptic GABA~A~R is often correlated with reduced synaptic efficacy ([@bib23], [@bib45], [@bib46]), we checked whether IICR inhibition impacts GABAergic synaptic transmission. We recorded inward GABA~A~R-mediated miniature inhibitory postsynaptic currents (mIPSCs) in the presence of TTX and ionotropic glutamate receptor antagonists in cultured hippocampal neurons, with and without MCPG treatment (60- to 90-min incubation). Representative traces illustrate that MCPG reduced GABA~A~R-mediated mIPSC amplitude ([Figure 3](#fig3){ref-type="fig"}A). The distribution of mIPSC amplitudes was significantly shifted toward lower values ([Figure 3](#fig3){ref-type="fig"}B). In contrast, the time to peak ([Figure 3](#fig3){ref-type="fig"}C) and decay time τ ([Figure 3](#fig3){ref-type="fig"}D) remained unchanged after MCPG treatment, indicating no impact of IICR on GABA~A~R channel kinetics. Furthermore, mIPSC amplitude was significantly reduced in post-natal day (P)14--P16 hippocampal slices derived from IP~3~R1 KO mice as compared with WT animals ([Figure 3](#fig3){ref-type="fig"}E), with unchanged time to peak ([Figure 3](#fig3){ref-type="fig"}F) and slightly reduced decay time τ ([Figure 3](#fig3){ref-type="fig"}G). We thus concluded that the dispersal of GABA~A~R clusters following IICR blockade is responsible for the reduction in GABAergic synaptic efficacy.

Ca^2+^ Influx and Ca^2+^ Release Define Opposing Mechanisms to Control GABA~A~R Clustering {#sec2.3}
------------------------------------------------------------------------------------------

We previously showed that the NMDAR-mediated dispersal of synaptic GABA~A~R and gephyrin clustering was reversed 15 min after NMDA withdrawal ([@bib2], [@bib44]; [Figures 4](#fig4){ref-type="fig"}A--4C). We show here that GABA~A~R clustering did not recover after NMDA removal when IICR was blocked with the IP~3~R antagonist 2APB ([Figures 4](#fig4){ref-type="fig"}A and 4B) or the group I/II mGluR inhibitor MCPG ([Figure 4](#fig4){ref-type="fig"}C), suggesting IICR participates in the recovery phase. These results also suggest that Ca^2+^ influx and IICR operate through separate, non-overlapping mechanisms to regulate GABA~A~R clustering. We further examined whether recruitment of Ca^2+^ stores could prevent NMDAR and Ca^2+^ influx-mediated dispersion of GABA~A~R clusters. For this purpose, we applied DHPG together with NMDA to neurons pre-treated with NMDA. We found that activation of IICR did not reverse the NMDA-induced GABA~A~R loss of clusters when NMDA was applied first ([Figures 4](#fig4){ref-type="fig"}D--4F). In contrast, DHPG pre-treatment for 30 min completely prevented GABA~A~R dispersion ([Figures 4](#fig4){ref-type="fig"}G--4I). These results highlight that, when engaged, these two glutamatergic pathways cannot be antagonized by the activation of a secondary pathway.

Intracellular Calcium Scales GABA~A~R Clustering via Regulation of Lateral Diffusion {#sec2.4}
------------------------------------------------------------------------------------

GABA~A~R undergoes extensive endocytosis through clathrin-dependent mechanisms ([@bib24]), and the density of GABA~A~R at synapses is largely dependent on the controlled removal of receptors from the plasma membrane ([@bib25]). However, we found 2APB was able to reduce GABA~A~R clustering, even when clathrin-dependent endocytosis was prevented by the membrane-permeant dynamin blocker dynasore ([@bib42]; [Figures S5](#mmc1){ref-type="supplementary-material"}A and S5B). We quantified the levels of total and surface GABA~A~R using surface biotinylation and western blot analysis. GABA~A~R was identified using a homemade antiserum directed against the β3 subunit, a subunit that assembles with the γ2 subunit at inhibitory synapses ([@bib49]). The antiserum specificity was validated by western blot using protein extracts from hippocampal cultured neurons or HeLa cells transfected or not with the GABA~A~R β3 subunit together with the α2 and γ2 subunits ([Figure S5](#mmc1){ref-type="supplementary-material"}C). Quantification of the amount of total and biotinylated surface GABA~A~R proteins ([@bib21]) in the presence or absence of 2APB (for 60 min) revealed no significant changes in the membrane and total pools of GABA~A~R ([Figures S5](#mmc1){ref-type="supplementary-material"}D and S5E), suggesting that the loss of GABA~A~R at inhibitory synapses did not result from internalization and degradation of the receptor.

The regulation of receptor membrane dynamics contributes to the rapid control of their numbers at synapses ([@bib8], [@bib14], [@bib56], [@bib57]). The activity-dependent reduction of GABA~A~R number at inhibitory synapses is due to a reduction in receptor diffusion constraints ([@bib2], [@bib4], [@bib39]). We thus examined the influence of IICR on the lateral diffusion of GABA~A~R using a quantum dot (QD)-based single-particle tracking (SPT) approach ([@bib1], [@bib28]). Synaptic and extrasynaptic sub-trajectories were segregated according to their colocalization with FM4-64 punctae ([@bib2]). Neuronal exposure to 2APB apparently increased the surface exploration of individual trajectories within 30 min ([Figure 5](#fig5){ref-type="fig"}A). Indeed, diffusion coefficients of both extrasynaptic and synaptic QDs significantly increased ([Figure 5](#fig5){ref-type="fig"}B). However, the increase in diffusion was not associated with a significant change in the dwell time ([Figure 5](#fig5){ref-type="fig"}C) or size of the domain of confinement ([Figure 5](#fig5){ref-type="fig"}D) at inhibitory synapses, meaning 2APB did not lead to a noticeable loss of GABA~A~R. It was after 60 min of 2APB application that the increase in diffusion coefficients ([Figures 5](#fig5){ref-type="fig"}E and 5F) was associated with a reduction in the dwell time (79.0% of control; [Figure 5](#fig5){ref-type="fig"}G) and an increase in the confinement size (120.5% of control; [Figure 5](#fig5){ref-type="fig"}H) at inhibitory synapses, indicative of synaptic escape.

A similar relief in GABA~A~R diffusion constraints was found in neurons derived from IP~3~R1 KO animals as compared with WT neurons ([Figures 5](#fig5){ref-type="fig"}I--5L). Considering that 2APB (60--90 min) did not affect the membrane dynamics of mGluR5 ([Figure S6](#mmc1){ref-type="supplementary-material"}), we concluded that the 2APB-dependent relief in diffusion constraints of the GABA~A~R was not due to a global effect on the properties of the membrane. Furthermore, neuronal exposure to MCPG also led to a faster synaptic escape of GABA~A~R ([Figures 5](#fig5){ref-type="fig"}M--5P), demonstrating that the mGluR-dependent IICR pathway regulates the surface mobility of GABA~A~R. Altogether our results show that the IICR-signaling pathway constrains the diffusion of GABA~A~R during basal activity, maintaining a stable pool of GABA~A~Rs at inhibitory synapses.

Counteracting Kinase-Phosphatase Systems Control GABA~A~R Diffusion {#sec2.5}
-------------------------------------------------------------------

We found that the calcineurin inhibitor cyclosporin A or FK506 (CysA, 1 μM; FK506, 1 μM; [Figure 5](#fig5){ref-type="fig"}Q) completely prevented the effect of IICR blockade on GABA~A~R diffusion dynamics, i.e., the increase in diffusion coefficients at synaptic sites ([Figure 5](#fig5){ref-type="fig"}R), synaptic escape ([Figure 5](#fig5){ref-type="fig"}S), and synaptic confinement size ([Figure 5](#fig5){ref-type="fig"}T). These results suggest that basal calcineurin activity underlies the increase in GABA~A~R lateral diffusion in the absence of IICR.

The observation that the loss of IICR revealed the role of basal calcineurin activity to increase GABA~A~R diffusion suggested the possibility that IICR physiologically activates a phosphorylation pathway antagonizing the de-phosphorylation effect of calcineurin to reduce GABA~A~R diffusion. Because conventional α, β, and γ subtypes of protein kinase C (PKC) are activated by Ca^2+^ and diacylglycerol (DAG) downstream of mGluR1/5, we hypothesized that IICR reduces lateral diffusion of GABA~A~R following PKC-dependent phosphorylation of target proteins. Therefore, we examined the effect of 2APB treatment on the expression level and the intracellular distribution of Ca^2+^-dependent PKCs in cultured hippocampal neurons by western blot and immunocytochemistry, respectively. Western blot analysis revealed that 2APB exposure for 60 min dramatically decreased the expression level of PKCγ to 68.9% ± 6.0% of the control (DMSO), while the expression of PKCα and β2 remained unchanged (PKCα: 94.4% ± 5.6%; PKCβ2: 95.7% ± 4.4%; [Figures 6](#fig6){ref-type="fig"}A and 6B). Since there is a possibility that the distribution of protein can change without affecting the total amount of protein, we then quantified the amount of Ca^2+^-dependent PKCs around surface GABA~A~Rs using immunocytochemistry ([Figure 6](#fig6){ref-type="fig"}C). To estimate the amount of PKCs around surface GABA~A~Rs, we measured the mean PKC fluorescence intensity per pixel overlapping with GABA~A~R clusters. Although the fluorescence intensity beneath GABA~A~R clusters of PKCα was unaffected (PKCα: 97.0% ± 1.8%; [Figure 6](#fig6){ref-type="fig"}D), that of PKCβ2 and γ significantly decreased after 2APB treatment (PKCβ2: 91.8% ± 1.1%; PKCγ: 81.9% ± 1.6%; [Figure 6](#fig6){ref-type="fig"}D). We concluded that the IICR pathway regulates the expression level and subcellular distribution of PKCs.

We reasoned that if IICR constrains the diffusion of GABA~A~R through PKC-dependent phosphorylation, the blockade of PKC should mimic the effect of the IICR inhibitor 2APB. Indeed, neurons exposed to 12-(2-cyanoethyl)-6,7,12,13-tetrahydro-13-methyl-5-oxo-5H-indolo(2,3-a)pyrrolo(3,4-c)-carbazole (Gö6976), a specific inhibitor against PKCα, β, and γ ([@bib22], [@bib34]), for 60--90 min (500 nM; [Figure 7](#fig7){ref-type="fig"}A) had an increased diffusion coefficient ([Figures 7](#fig7){ref-type="fig"}B and 7C), reduced synaptic dwell time ([Figure 7](#fig7){ref-type="fig"}D), and enlarged confinement size ([Figure 7](#fig7){ref-type="fig"}E). This behavior is reminiscent of the effect of 2APB on GABA~A~R diffusion ([Figure 5](#fig5){ref-type="fig"}). In turn, the PKC activator phorbol 12-myristate 13-acetate (PMA, 200 nM), which mimics DAG, but not its inactive analog 4α-phorbol 12-myristate 13-acetate (4α-PMA) ([Figure 7](#fig7){ref-type="fig"}A), abolished the 2APB effect on GABA~A~R mobility ([Figure 7](#fig7){ref-type="fig"}F--7I).

Dephosphorylation of Serine 327 of the GABA~A~R γ2 subunit (S327) by calcineurin has been reported to enhance the lateral diffusion of GABA~A~R ([@bib39]). Interestingly, S327 is also a PKC target ([@bib38]). Therefore, we examined whether IICR-mediated regulation of GABA~A~R mobility relies on the phosphorylation of S327 by mutating S327 to alanine (S327A) or glutamate (S327E) to mimic the dephosphorylated and phosphorylated forms of the receptor, respectively ([Figure S7](#mmc1){ref-type="supplementary-material"}A). A myc-tag was added to the N-terminal region of the chimera in order to track the mutant receptor with QD-coupled myc-tag antibodies. We found 2APB significantly enhanced the diffusion of S327A and S327E chimeras similar to the WT GABA~A~R ([Figure S7](#mmc1){ref-type="supplementary-material"}B), indicating that S327 is not involved in the 2APB effect. S343, an additional potential PKC target in GABA~A~Rγ2L ([@bib38]), was mutated in concert with S327 to alanine (S327/343A) or glutamate (S327/343E). However, neither S327/343A nor S327/343E prevented the 2APB-induced increase in GABA~A~R diffusion ([Figure S7](#mmc1){ref-type="supplementary-material"}C), suggesting that IICR-dependent regulation of GABA~A~R mobility does not require S327 or S343 of the GABA~A~Rγ2 subunit, but involves other PKC target residues.

Altogether these results implicate PKC activation and, therefore, increased phosphorylation of target protein(s) in the IICR-induced constrain of GABA~A~R lateral diffusion. In the hippocampal neurons, the second messenger Ca^2+^ has a dualistic impact on GABA~A~R, i.e., intracellular Ca^2+^ elevation has opposite effects on the regulation of GABA~A~R lateral diffusion and clustering. Ca^2+^ influx through NMDAR activates calcineurin, leading to an increase of GABA~A~R lateral diffusion and synaptic escape of the receptor ([@bib2], [@bib39]; [Figure 7](#fig7){ref-type="fig"}J). In contrast, Ca^2+^ release from the ER stores following mGluR, PLC, and IP~3~R activation antagonizes calcineurin activity while activating PKC, which leads to phosphorylation of unknown target(s) and synaptic stabilization of GABA~A~Rs ([Figure 7](#fig7){ref-type="fig"}J).

Discussion {#sec3}
==========

In this study, we demonstrate that the mGluR/IICR/PKC pathway stabilizes GABAergic synapses by constraining lateral diffusion and increasing clustering of GABA~A~Rs, without affecting the total number of GABA~A~R on the cell surface. This pathway defines a unique form of homeostatic regulation of GABAergic transmission under conditions of basal synaptic activity and during recovery from E/I imbalances. The study also highlights the ability of neurons to convert a single neurotransmitter (glutamate) into an asymmetric control system for synaptic efficacy using different calcium-signaling pathways.

In hippocampal neurons, GABAergic synapses have two regulatory mechanisms as follows: a plastic regulation of GABA~A~R clustering by Ca^2+^ influx through NMDARs ([@bib2], [@bib30], [@bib33], [@bib39], [@bib48]), and a homeostatic stabilization process that contributes to the continuous maintenance of GABAergic synapse structure and the recovery from anti-homeostatic destabilization. Our results provide further insight into this second system, showing that the recovery of synaptic GABA~A~R clusters from NMDA-induced dispersal is impaired when IP~3~R and mGluR signaling are inhibited. These findings support the idea that continuous IICR activity downstream of mGluRs plays a crucial role in recovery from the transient decrease in synaptic GABA~A~R numbers accompanying excess neuronal activity and the stabilization of GABAergic synapses under both normal and pathological conditions.

Our data raise the possibility that mGluR-dependent IICR contributes to the maintenance of GABAergic synapses under physiological conditions. Gene KO of IP~3~R1 or pharmacological inhibition of IICR led to a reduction of synaptic GABA~A~R numbers and mIPSC amplitude, indicating that the constitutive IICR activity is involved in the maintenance of GABAergic synapses. Considering that group I mGluRs are tonically activated by ambient glutamate ([@bib51]), mGluR-dependent IICR could occur in a constitutive manner under basal conditions to maintain the integrity of GABAergic synapses.

Our findings also suggest a possible role of constitutive IICR in synaptic plasticity. Although several alterations of synaptic plasticity have been reported in IP~3~R1KO hippocampal neurons such as LTD-LTP conversion ([@bib43]) and LTP facilitation in excitatory synapses ([@bib10], [@bib20]), the mechanisms underlying these modifications mostly remain unknown. LTP facilitation in IP~3~R1KO hippocampus CA1 is due to weakened inhibitory input ([@bib59]), and this could be explained by our finding that loss of mGluR or IICR impaired GABAergic synaptic transmission through enhanced synaptic escape of GABA~A~R by diffusion. In other words, mGluR/IICR signaling could ensure physiological LTP by restoring post-plasticity stabilization of GABAergic synapses that would have a tonic effect on the physiological set point for network stability.

The most striking conceptual finding in this study is that two distinct intracellular signaling pathways, NMDAR-driven Ca^2+^ influx and mGluR-driven Ca^2+^ release from the ER, effectively driven by the same neurotransmitter, glutamate, have an opposing impact on the stability and function of GABAergic synapses. Sustained Ca^2+^ influx through ionotropic glutamate receptor-dependent calcium signaling increases GABA~A~R lateral diffusion, thereby causing the dispersal of synaptic GABA~A~R, while tonic mGluR-mediated IICR restrains the diffusion of GABA~A~R, thus increasing its synaptic density. How can Ca^2+^ influx and IICR exert opposing effects on GABA synaptic structure? Our research indicates that each Ca^2+^ source activates a different Ca^2+^-dependent phosphatase/kinase: NMDAR-dependent Ca^2+^ influx activates calcineurin, while ER Ca^2+^ release activates PKC.

We found that the increased lateral diffusion of GABA~A~R was attenuated by the inhibition of calcineurin, which remains active even at basal levels of Ca^2+^ concentration ([@bib40]). This implies that GABA~A~R lateral diffusion could be under the control of calcineurin not only after Ca^2+^ influx, when neuronal excitation is enhanced, but also during basal levels of activity. Moreover, the enhancement of GABA~A~R diffusion by PKC inhibition indicates that PKC is also normally active under basal conditions. Active PKCs translocate to the plasma membrane ([@bib41]). Therefore, the fact that 2APB decreased the amount of PKC-β2 and -γ colocalizing with GABA~A~R clusters suggests that constitutive activation of the IICR pathway may maintain the expression and activity of PKC.

It is noteworthy that the impact of a PKC inhibitor alone on GABA~A~R diffusion was more prominent than that of a calcineurin inhibitor alone under basal conditions, suggesting that constitutive PKC activity for synaptic stability overcomes basal calcineurin activity in neurons with a physiological E/I balance. However, the mechanism of how PKC phosphorylation impacts GABA~A~R diffusion remains to be elucidated in future study. GABA~A~R scaffold-binding affinity could be regulated by PKC. Considering that GABA~A~R antibody cross-linking prevented the dispersion of gephyrin clusters by 2APB, the possibility of a phosphorylation-dependent regulation of GABA~A~R lateral diffusion is independent of the receptor-gephyrin binding control. This implies the involvement of other GABA~A~R-interacting and -clustering protein(s) ([@bib30], [@bib50]). It is also noteworthy that the GABA~A~Rγ2 S327 and S343 residues both targeted by PKC are not involved in IICR-mediated regulation of GABA~A~R lateral mobility. This contrasts with the fact that calcineurin enhances GABA~A~R lateral diffusion via a mechanism involving S327 dephosphorylation ([@bib39]). This suggests that calcineurin and PKC tune GABA~A~R mobility by regulation of the phosphorylation state of distinct residues. Furthermore, PKC may affect GABA~A~R stability by also controlling the phosphorylation of scaffold molecules.

Taken together, these results lead us to propose the following model for bidirectional competitive regulation of GABAergic synapses by glutamate signaling. Phasic Ca^2+^ influx through NMDARs following sustained neuronal excitation or injury leads to the activation of calcineurin, overcoming PKC activity and relieving GABA~A~R diffusion constraints. In contrast, during the maintenance of GABAergic synaptic structures or the recovery from GABA~A~R dispersal, the ambient tonic mGluR/IICR pathway constrains GABA~A~R diffusion by PKC activity, overcoming basal calcineurin activity. One possible mechanism of dual regulation of GABA~A~R by Ca^2+^ is that each Ca^2+^-dependent enzyme has a unique sensitivity to the frequency and number of external glutamate release events and can act to decode neuronal inputs ([@bib11], [@bib29], [@bib52]) in inhibitory synapses.

Tight control of E/I balance, the loss of which results in epilepsy and other brain and nervous system diseases/disorders, is dependent on GABAergic synaptic transmission ([@bib32]). A recent study showed that the excitation-induced acceleration of GABA~A~R diffusion and subsequent dispersal of GABA~A~Rs from synapses is the cause of generalized epilepsy febrile seizure plus (GEFS+) syndrome ([@bib4]). Our results indicate that pre-activation of the mGluR/IICR pathway by DHPG could completely prevent the dispersion of synaptic GABA~A~Rs induced by massive excitatory input similar to status epilepticus. Thus, further study of the molecular mechanisms underlying the mGluR/IICR-dependent stabilization of GABAergic synapses via regulation of GABA~A~R lateral diffusion and synaptic transmission could be helpful in the prevention or treatment of pathological E/I imbalances, for example, in the recovery of GABAergic synapses from epileptic states.

Experimental Procedures {#sec4}
=======================

Animals {#sec4.1}
-------

All experiments in this study were carried out in accordance with the guidelines approved by the Animal Experiment Committee of the RIKEN and Nagoya Univ.

Primary Cultures of Hippocampal Neurons {#sec4.2}
---------------------------------------

Primary cultures of hippocampal neurons were prepared from embryonic day (E)18--E21 Wistar rat embryos or P0--P1 IP~3~R1 KO mice ([@bib36]) or their littermates, as previously described ([@bib15]), and they were used for each experiment at 21--27 days in vitro (DIV), unless otherwise described.

Drug Treatment {#sec4.3}
--------------

Neurons were acutely exposed to the different drugs for the indicated duration at 37°C in imaging medium comprising MEM without phenol red (Life Technologies), 20 mM HEPES, 33 mM glucose, 2 mM glutamine, 1 mM sodium pyruvate, and MACS NeuroBrew-21 (Miltenyi Biotec).

Immunocytochemistry and Quantitative Analysis {#sec4.4}
---------------------------------------------

Immunochemical detections of GABA~A~R, gephyrin, synapsin, and PKC in cultured neurons were performed as previously described ([@bib2], [@bib44]) using the following antibodies: rabbit anti-GABA~A~R γ2 subunit antibody ([@bib44]); mouse anti-gephyrin monoclonal antibody mAb7a (0.33 μg/ml, Synaptic Systems); mouse anti-synapsin I antibody (1:3,000, Synaptic Systems); rabbit polyclonal anti-synapsin I antibody (1:400, Merck Millipore); guinea pig anti-PKCα antibody (1 μg/ml, Frontier Institute); guinea pig anti-PKCβII antibody (1 μg/ml, Frontier Institute); and guinea pig anti-PKCγ antibody (1 μg/ml, Frontier Institute). Images were acquired on an inverted microscope equipped with oil-immersion objectives (60×, numerical aperture \[NA\] 1.42) and a cooled charge-coupled device (CCD) camera. All images from the same culture were acquired with the same sub-saturation exposure time. Quantification of the fluorescence signal was performed using MetaMorph software (Molecular Devices) as previously described ([@bib2], [@bib7], [@bib26], [@bib27], [@bib44]).

Electrophysiology {#sec4.5}
-----------------

Whole-cell patch-clamp experiments on primary cultured neurons were carried out with solutions. The internal solution contained the following (in mM): CsCl~2~, 140; EGTA, 0.2; HEPES, 10; Mg-ATP, 2; GTP-Tris, 1; and Na-phosphocreatine, 2.5 (pH 7.2--7.3, 280--290 mOsm). The extracellular recording solution contained the following (in mM): NaCl, 147; KCl, 2.1; HEPES, 8.8; D-glucose, 8.8; CaCl~2~, 1.1; MgCl~2~, 1.1; and Pyruvic Acid, 0.026% (v/v) (pH 7.4, 310 mOsm).

For experiments on acute slice, hippocampal brain slices were prepared from P14--P21 BL56/J IP3R1−/− mice and WT littermates. The internal solution contained the following (in mM): CsCl~2~, 130; EGTA, 10; CaCl~2~, 1; MgCl~2~, 1; HEPES, 10; Mg-ATP, 2; GTP-Tris, 0.1; and Na-phosphocreatine, 2.5 (pH 7.4, 290--300 mOsm). The extracellular recording solution was the artificial cerebrospinal fluid (aCSF) solution and contained the following (in mM): NaCl, 125; KCl, 2.5; D-Glucose, 25; CaCl~2~, 2; MgCl~2~, 1; NaH~2~PO~4~, 1.25; and NaHCO~3~, 25 (320 mOsm).

Spontaneous mIPSCs were recorded in the whole-cell voltage-clamp configuration, in the presence of 2,3-Dihydroxy-6-nitrobenzo\[f\]quinoxaline-7-sulfonamide (NBQX, 10 μM), D-2-Amino-5-phosphonopentanoic acid (D-AP5, 50 μM), and TTX (1 μM). When required the extracellular recording solution was supplemented with 250 μM MCPG or vehicle (NaOH). The resistance of whole-cell patch pipettes was 3--5 MΩ. All experiments were performed at room temperature. The membrane potential was held at −70 mV. Under these recording conditions, GABAergic chloride currents were recorded as inward currents.

Production of a Rabbit GABA~A~R β3 Subunit Antiserum {#sec4.6}
----------------------------------------------------

The rabbit anti-GABA~A~R β3 subunit antiserum (anti-GABA~A~R β3) was raised as described previously ([@bib55]). For the sub-cloning of fusion protein consisting of maltose-binding protein (MBP) and amino acids 345--408 of the mouse GABA~A~R β3, the DNA sequence corresponding to amino acid 345--408 of the GABA~A~R β3 was amplified by PCR, using FANTOM3 clone C630014N19 (RIKEN Genomic Sciences Research Complex) as a template ([@bib6]), and sub-cloned into pMAL-C vector (New England Biolabs).

Western Blot {#sec4.7}
------------

For western blot analysis, the following primary antibodies were used: rabbit anti-GABA~A~R β3 antiserum (1:2,000); rabbit anti-PKCα antiserum (1:100,000, Sigma-Aldrich); guinea pig anti-PKCβII antibody (200 ng/ml, Frontier Institute); or guinea pig anti-PKCγ antibody (200 ng/ml, Frontier Institute). The primary antibodies were recognized using horseradish peroxidase (HRP)-coupled goat anti-rabbit IgG (1:5,000, GE Healthcare) or goat anti-guinea pig IgG (1:5,000, Cappel). Chemiluminescence from HRP reacted to Immobilon Western Chemiluminescent HRP Substrate (Merck Millipore) was detected by Imagequant LAS-4000 mini (GE Healthcare) and quantified using ImageJ.

Ca^2+^ Imaging {#sec4.8}
--------------

Ca^2+^ imaging was performed as described previously ([@bib2], [@bib44]). Neurons were incubated with 0.5 μM fluo-4 AM (Life Technologies) and fluo-4 signal was acquired at 0.2 Hz at room temperature (24°C--26°C). The ratio of the fluorescence intensities F/F0, where F is a fluorescence intensity and F0 is the intensity at t = 0, was obtained after subtraction of the background fluorescence.

QD-SPT Experiments and Data Analysis {#sec4.9}
------------------------------------

QD labeling and SPT of GABA~A~Rs were performed as previously described ([@bib1]). Rabbit anti-GABA~A~Rγ2 antibody (2.0 μg/ml; [@bib44]) was used for the labeling of GABA~A~R. Recording was performed at 37°C in the imaging medium using an inverted microscope (IX-70, -71, or -73, Olympus) equipped with an oil-immersion objective (60×, NA \> 1.42, Olympus) and a cooled CCD camera (ORCA-II-ER, Hamamatsu Photonics) or an EM-CCD camera (Cascade, Roper Scientific; ImagEM, Hamamatsu Photonics). Fluorescent signals were detected using appropriate filter sets for QD (excitation: 455 ± 70 nm, emission: 605 ± 20 nm) and FM4-64 (excitation: 535 ± 15 nm, emission: 580 nm long pass). QD movies were recorded with an integration time of 76 ms with 512 consecutive frames (38.9 s) or 200 frames for IP~3~R1KO neurons. All recordings were finished within 30 min after labeling. QD-SPD data were analyzed using TI workbench software written by Dr. T. Inoue (Waseda University) as described previously ([@bib2], [@bib44]).

Details of other methods are presented in the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.
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![Gene KO of IP~3~R1 Conducts to the Dispersal of GABA~A~R and Gephyrin Clusters\
(A and B) Hippocampal neurons from 15--18 DIV wild-type (WT) or IP~3~R1 knockout (IP~3~R1KO) mice stained for GABA~A~R γ2 subunit (A) and gephyrin (B). Arrows in upper panels indicate the dendrites enlarged in lower panels. Color code in lower panels is as follows: green, GABA~A~R or gephyrin clusters; magenta, synapsin punctae; and white, GABA~A~R or gephyrin clusters facing synapsin-labeled boutons. Note the decrease in GABA~A~R and gephyrin immunoreactivities in IP~3~R1KO neurons as compared to WT neurons. Scale bars, 50 and 10 μm in upper and lower panels, respectively.\
(C and D) Number of synaptic clusters per dendrite length (left) and fluorescent intensities (right) of synaptic GABA~A~R (C) and gephyrin (D) clusters. Values represent mean ± SEM and were normalized to their respective control values (C, n = 36 cells for WT, n = 38 for IP~3~R1KO; D, n = 37 for WT, n = 38 for IP~3~R1KO; ^∗∗∗^p \< 0.005, Welch's *t*-test).](gr1){#fig1}

![mGluR/IICR-Signaling Cascade Promotes Clustering of GABA~A~R and Gephyrin\
(A--D) Effect of pharmacological blockade of IICR on GABA~A~R (A and B) and gephyrin (C and D) clustering in 21--27 DIV hippocampal neurons. (A and C) Representative examples show GABA~A~R (A) or gephyrin (C) immunoreactivity after 100 μM 2APB or 0.1% DMSO treatment for 30, 60, and 90 min. (B and D) The number of cluster per dendrite length (left) and fluorescence intensities (right) of synaptic GABA~A~R (B) or gephyrin (D) clusters in cells exposed to DMSO (gray), 2APB (red), U73122 (blue), or MCPG (green) are shown. Plots show mean values ± SEM in function of time. Data were normalized to their respective control values.\
(E) Time course of DHPG-induced intracellular Ca^2+^ elevation as reported by measurement of Fluo-4 F/F~0~ ratio (means ± SEM; n = 41).\
(F and G) Representative images (F) and quantifications (G) of the fluorescence intensity of synaptic GABA~A~R clusters showing that DHPG increases GABA~A~R clustering. Values (mean ± SEM) were normalized to their respective control values (n ≥ 30 cells per condition; ^∗∗∗^p \< 0.005, ^∗^p \< 0.05, *t*-test). Scale bars, 10 μm.\
See also [Figures S1--S5](#mmc1){ref-type="supplementary-material"}.](gr2){#fig2}

![Lower Efficacy of GABA Synapses after Reduced IICR Activity\
(A) Examples show GABAergic mIPSC traces recorded in cultured hippocampal neurons in the absence (left) or presence (right) of mGluR inhibitor MCPG.\
(B) Distribution of mIPSC amplitudes in the absence (white, top and bottom) or presence (gray, middle and bottom) of MCPG. Note that the distribution of mIPSC amplitudes is shifted toward lower values in MCPG-treated neurons.\
(C and D) Cumulative distributions of time to peak (C) and decay time constant (D) of mIPSCs in the absence (open) or presence of MCPG (close). The first 15 events were collected from seven neurons per condition.\
(E) Distributions of mIPSC amplitudes recorded in pyramidal neurons from P14--P16 WT (white, top and bottom) or IP~3~R1KO mice (gray, middle and bottom) hippocampal slices. The overlay emphasizes the reduction in mIPSC amplitudes in IP~3~R1KO.\
(F and G) Distributions of time to peak (F) and decay time constant (G) of mIPSCs of WT (white circle) and IP~3~R1KO (black circle). The first 250 events were collected from four neurons per condition (^∗∗∗^p \< 0.005; ns, not significant; Mann-Whitney *U*-test).](gr3){#fig3}

![mGluR/IICR Contribute to the Positive Control of GABA~A~R Clustering through Separate Non-overlapping Mechanisms with Ca^2+^ Influx\
(A--C) Inhibition of IICR prevents re-clustering of GABA~A~R at synapses after NMDA washout. (A) Examples show GABA~A~R γ2 immunoreactivities after 3-min exposure to NMDA (top) or after 15 min of NMDA washout in the presence of DMSO (middle) or 2APB (bottom). Scale bar, 10 μm. (B and C) Quantification of the fluorescence intensity of GABA~A~Rγ2 before (NMDA) and after washout (Recovery), in the presence or absence of 2APB (B) or MCPG (C), is shown. Values (mean ± SEM) were normalized to their respective control values (n = 30 cells/condition; ^∗∗∗^p \< 0.005, *t*-test).\
(D--I) Pre-activation of IICR prevents NMDA-mediated dispersion of GABA~A~R. Neurons pre-incubated to NMDA (D--F) or DHPG (G--I) were then exposed to NMDA in the presence of DHPG. Images (E and H) and quantifications of synaptic cluster fluorescence intensities (F and I) reveal that DHPG restored GABA~A~R clustering only when neurons were pre-treated with DHPG. Scale bars, 10 μm. Values (mean ± SEM) were normalized to their respective control values (n = 30--60 cells per condition; ^∗∗∗^p \< 0.005, Tukey's range test in ANOVA).](gr4){#fig4}

![Reduced IICR Activity Increases the Lateral Diffusion of GABA~A~R γ2 Subunits in the Presence of Calcineurin Activity\
QD-SPT tracking of GABA~A~R γ2 subunits in hippocampal neurons. (A, E, I, M, and Q) Examples show QD trajectories (green), reconstructed from recording sequences (15.2 s for I and 38.4 s for others), overlaid with FM4-64 signals (gray) in order to identify synapses. Scale bars, 5 μm. (B, F, J, N, and R) Quantifications of median diffusion coefficients are shown (median D ± 25%--75% Interquartile Range \[IQR\]). (C, G, K, O, and S) The mean (±SEM) synaptic dwell time is shown. (D, H, L, P, and T) Size of confinement domains is shown (mean ± SEM).\
(A--H) Tracking of QD-bound GABA~A~R γ2 subunits in neurons exposed to IP~3~R blocker 2APB for 0--30 (A--D) or 60--90 (E--H) min. Note that exploration and diffusion coefficient of GABA~A~R increased after 2APB application (A, B, E, and F). In contrast, the mean synaptic dwell time (C and G) and size of confinement domains (D and H) decreased and increased, respectively, only after 60 min, but not before 30 min of drug treatment.\
(I--L) Increased diffusion and reduced synaptic confinement in IP~3~R1KO neurons (KO) compared with WT, analyzed at 15--18 DIV.\
(M--P) The blockade of group I mGluRs also led to an increase in diffusion of GABA~A~R.\
(Q--T) Neurons were exposed to 2APB in the absence or presence of the calcineurin inhibitor Cyclosporin A (CysA) and FK506. Both CysA and FK506 prevented the 2APB-dependent increase in GABA~A~R diffusion.\
NS, p \> 0.05; ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.005; Mann-Whitney *U*-test (B, F, J, N, and R) and Welch's *t*-test for others. Numbers of QDs analyzed are shown in [Table S1](#mmc1){ref-type="supplementary-material"}. See also [Figures S5](#mmc1){ref-type="supplementary-material"} and [S6](#mmc1){ref-type="supplementary-material"}.](gr5){#fig5}

![IICR Activity Regulates the Expression Level and Clustering of Ca^2+^-Dependent PKC\
(A) Protein expression levels of α, β2, and γ PKC subtypes and GABA~A~R β3 subunit after 60-min exposure of neurons to DMSO or 2APB are shown.\
(B) Quantification of the PKC/GABA~A~R β3 subunit protein level ratio showing the PKCγ/GABA~A~R β3 ratio significantly decreased after 2APB exposure for 60 min. Values (mean ± SEM) were normalized to the respective DMSO control condition (n = 6; ^∗∗∗^p \< 0.005, *t*-test).\
(C) Co-staining of GABA~A~R γ2 subunit and α, β2, or γ PKC subtypes after 60 min of DMSO or 2APB treatment. Arrowheads in upper panels indicate the dendrites enlarged in lower panels. Color codes in lower panels are as follows: green, GABA~A~R; magenta, α, β2, or γ PKC; and white, GABA~A~R and PKC colocalized clusters. Scale bars, 10 μm. Note that 2APB decreased the PKC β2 and γ, but not α, isoform immunoreactivities.\
(D) PKC fluorescence intensity per pixel below GABA~A~R punctae. Values (mean ± SEM) were normalized to the respective DMSO control condition (n = 30 cells for PKCα and PKCβ2; n = 40 for PKCγ; ^∗∗∗^p \< 0.005, *t*-test).](gr6){#fig6}

![Constraint of GABA~A~R Lateral Diffusion Requires Ca^2+^-Dependent PKC Activity\
(A) A diagram showing the time course of the experiment. Drugs were applied as indicated by horizontal bars.\
(B--E) Blockade of Ca^2+^-dependent PKC by Gö6976 (60--90 min) enhances GABA~A~R surface exploration (B, green), diffusion coefficients (C, median D values ± IQR), synaptic escape (D, mean dwell time ± SEM), and size of confinement domain (E, mean ± SEM).\
(F--I) The PKC activator PMA, but not its inactive form (4α-PMA), prevented the 2APB-induced enhancement of GABA~A~R mobility (^∗∗∗^p \< 0.005; NS, p \> 0.05; Mann-Whitney *U*-test (C and G) and Welch's *t*-test (D, E, H, and I). Numbers of QDs analyzed are shown in [Table S1](#mmc1){ref-type="supplementary-material"}. Scale bars, 5 μm (A and E).\
(J) Conceptual diagrams showing summary of our finding. Massive Ca^2+^ influx through NMDAR activates calcineurin (CN), exceeds phosphorylation by PKC, and results in increasing lateral diffusion of GABA~A~R on the plasma membrane (PM). In contrast, the mGluR/PLC/IICR pathway constitutively activates PKC. This activation of mGluR/IICR/PKC process constrains lateral diffusion of GABA~A~R, counteracting basal activity of CN.\
See also [Figure S7](#mmc1){ref-type="supplementary-material"}.](gr7){#fig7}
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